It is recognized that the behavioral rhythms of organisms are controlled by the circadian clock, while the reverse direction, i.e., whether changes in physiology and behavior react to the internal rhythms, is unclear. Cryptochromes (CRYs) are photolyase-like flavoproteins with blue-light receptor function and other functions on circadian clock and migration in animals. Here, we cloned the full-length cDNA of CRY1 and CRY2 in Spodoptera litura (Fabricius, 1775) (Lepidoptera: Noctuidae). Sl-CRYs show high similarity to orthologs from other insects, and their conserved regions contain a DNA photolyase domain and a FAD-binding seven domain. The expression levels of both genes were relatively low during the larval stage, which increased during the pupal stage and then peaked at the adult stage. The expression of Sl-CRY1 and Sl-CRY2 showed differences between males and females and between scotophase and photophase. Further, our study demonstrated that copulation has a significant effect on the expression of Sl-CRYs. More interestingly, the changes in the expression of Sl-CRY1 and Sl-CRY2 due to copulation showed the same trend in both sexes, in which the expression levels of both genes in copulated males and females decreased in the subsequent scotophase after copulation and then increased significantly in the following photophase. Considering the nature of the dramatic changes in reproductive behavior and physiology after copulation in S. litura, we propose that the changes in the expression of Sl-CRYs after copulation could have some function in the reproductive process.
Cryptochromes (CRYs) are FAD-based blue-light photoreceptors that regulate the circadian clock and magnetosensitivity in animals and the growth, development, and phototropic movement in plants (Ozturk et al. 2007 , Cao et al. 2017 , Hirano et al. 2017 , Ozturk 2017 , Zhang et al. 2017 , Jiang et al. 2018 . Accordingly, CRYs are currently classified as animal CRYs and plant CRYs (Ozturk 2017) . Animal CRYs were first classified as Drosophila-type CRYs (type 1) and mammal-type CRYs (type 2). Some insects were later revealed to have a mammal-type CRY, either alone or in addition to a Drosophila-type CRY (Ozturk 2017) .
Type 1 CRY is the only CRY possessed by Drosophila, which was mainly expressed in the head and acts as a photoreceptor for resetting of the circadian clock (Emery et al. 1998) . Unlike in fruit flies, butterflies contained both CRY1 and CRY2 (Zhu et al. 2005 ). In the monarch butterfly, Danaus plexippus, CRY1 also functions as a photoreceptor protein for circadian rhythm, whereas CRY2 functions not only as a repressor of the transcriptional feedback loop, but also as a sun compass during the migration of monarch butterflies (Zhu et al. 2008) . A recent study (Zhang et al. 2017) using CRISPR/ Cas9-mediated mutagenesis in D. plexippus revealed that insect CRY2 regulates circadian transcription via independent repression of CLOCK and BMAL1 activity.
Previous studies have shown that hormone application affected the expression of clock genes in rats and human cells (Karman and Tischkau 2006, Nakamura et al. 2010) . In male mice, timed feeding shifted clock gene expression at the RNA and protein level in the gastrointestinal tract but did not shift clock gene expression in the central clock (Hoogerwerf et al. 2007 ). In female mice, highfat feeding effected rhythmic expression of the certain clock genes, and in fact the daily rhythmicity in the transcript level of cholesterol 7a-hydroxylase, a hepatic enzyme controlling circadian cholesterol homeostasis, disappeared in the mice on high-fat feeding (Yanagihara et al. 2006 ). These findings suggest that changes in physiology, metabolism, and behavior can alter the molecular clock system in animals. However, whether copulation will also have such effects is unknown.
Spodoptera litura, also known as tobacco cutworm or cotton leafworm, is one of the world's major agricultural pests due to its 
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AGCGGTGGTGGTGAAAGAGTA qPCR wide host range, alternating generations, and strong pesticide resistance (Armes et al. 1997 , Zhou and Huang 2002 , Ahmad et al. 2009 , Rehan et al. 2011 . Therefore, environmental friendly management techniques such as light and/or pheromone traps (e.g., Shrivastava et al. 1987 , Vernon et al. 2014 ) and other potential control strategies such as RNAi based control techniques (Terenius et al. 2011 ) are needed to control this pest. Studies on CRY genes in this pest might provide useful information and target genes for future control techniques , Xu et al. 2016 , Khyati et al. 2017 . S. litura is a nocturnal moth. Our previous studies have shown that adult males and females exhibit circadian variations with respect to their reproductive physiology and behavior (Li et al. 2012 , Li 2014 , Yu et al. 2014 , Lu et al. 2017 ). In the present study, we cloned the full-length cDNA of CRY1 and CRY2 in S. litura. To shed more light on the function of these two genes, we further investigated the expression patterns of both genes in relation to development and copulation status in both sexes. The key aim of this study was to test whether and how copulation would affect the expression of CRYs, which may bring us some clues for the understanding of the possible relationship and mechanisms between reproduction and biological clocks.
Material and Methods
Insects S. litura larvae were reared on an artificial diet (Li et al. 2006 ) at 25 ± 1°C and a relative humidity of 60-70% with a photoperiod of 14:10 (L:D) h photoperiod regime. Newly eclosed male and female moths were maintained in separate cages to ensure virginity. Adult moths were maintained in the same environment and fed with 10% honey solution.
Molecular Cloning of CRY1 and CRY2
Total RNA was extracted from the head of test moths with Trizol (Takara, China) according to the manufacturer's protocol, and the purity and concentration of RNA were measured by using a spectrophotometer (NanoDrop 2000, United States).
In our previous transcriptome sequencing and analysis, we obtained partial mRNA sequences of CRY1 and CRY2 of S. litura. Based on the partial sequences, gene-specific primers (GSP) and nested gene-specific primers (NGSP) were designed and synthesized for each 5′-and 3′-RACE of CRY1 and CRY2 (Table 1) . For each 5′-RACE, the first round of amplification was performed on 1 μl of 5′-ready-cDNA with UPM (Universal Primer A Mix, Clontech, United States) and GSPr (Table 1) , and then 1 μl of the first round products (1:100 dilutions) were used as templates for nested polymerase chain reaction (PCR) reactions with NUP (Nested Universal Primer A, Clontech) and NGSPr (Table 1) . For each 3′-RACE, the first round of amplification was performed on 1 μl of 3′-ready-cDNA with UPM and GSPf; then 1 μl of the first round products (1:100 dilutions) were used as templates for nested PCR reactions with UPM and GSPf. All amplifications were performed with 50 μl reaction mixtures containing 1 μl of template, using Ex Taq HS (Takara) and the same PCR program: 94°C for 5 min, followed by 5 cycles of 94°C for 30 s, 72°C for 4 min, and 5 cycles of 94°C for 30 s, 70°C 30 s, 72°C 4 min, and then 25 cycles of 94°C for 30 s, 68°C 30 s, 72°C 4 min, and a final extension step of 72°C for 10 min. The PCR products were then cloned into DH5α cells using pMD18-T vector systems (TaKaRa). The plasmids were isolated using a SanPrep plasmid DNA extraction kit (Sangon Biotech, China) and were submitted for sequencing in both directions (Sangon Biotech).
CRY1 and CRY2 Expression in Relation to Development
The development duration of S. litura larvae and pupae is about 18 and 11 d, respectively (Li 2014) . Adult moths can live up to 10 d but most copulations and ovipositions occurred in the first 3 d after eclosion (Li 2014) . Therefore, in the present study, we collected samples from 1-, 9-, and 18-d-old larvae, 0-, 6-, and 11-d-old pupae, and 0-, 1-, and 2-d-old adult male and female virgin moths at midnight (5 h into the scotophase) and midday (7 h into the photophase), respectively. Total RNA was extracted from the heads (10 heads were used for each sample) of each sample using an RNA prep pure Tissue kit (TianGen, China). The purity and concentration of the RNA were assessed as above. Three samples were used for each category.
First strand cDNA synthesis was performed using a PrimeScript RT reagent Kit (Perfect Real Time) (TaKaRa). Real-time PCR was performed with GSP for CRY1 and CRY2 (Table 1) using the SYBR Premix Ex Taq II (TaKaRa) in a volume of 25 μl. Actin was used as a reference gene (Li et al. 2014a , Lu et al. 2015 . Reactions were run in triplicate on the QuantStudio 7 Flex (Thermo Fisher Scientific, United States) using the following program: 95°C for 5 min followed by 40 cycles of 95°C for 30 s, 60°C for 34 s. Analysis of the dissociation curves for the target and reference genes showed a single melt peak. The efficiencies of the target and reference genes were similar, and the 2 -ΔΔ CT method (Livak and Schmittgen 2001) was used to calculate the relative quantities of the target genes.
Effect of Copulation on the Expression of CRY1 and CRY2
To determine whether and how copulation affects the expression of CRY1 and CRY2, we paired 1-d-old virgin adults during 4-5 h after lights off in the second scotophase after emergence, with one pair in each box. Copulation (two insects engaged at the tip of the abdomen) events were recorded. The copulated moths were then individually caged and sampled at midnight (5 h into the scotophase) of the subsequent night (about 24 h after copulation) and at midday (7 h into the photophase) of the following day (about 36 h after copulation). Copulations were verified by dissecting the females to check for the presence of a spermatophore in the mating sac (Li 2014) . Virgin males and females of the same age were used as controls. Total RNA was extracted from the heads (10 heads were used for each sample) of each sample as above. Three samples were used for each category. Real-time PCR and relative expression calculation followed the same procedure outlined above.
Statistics
Two-way ANOVAs were used to analyze the effect of development (three levels: larvae, pupae, and adults) and photoperiod (two levels: scotophase and photophase) on the expression of CRY1 and CRY2. Three-way ANOVAs were conducted to analyze the effect of sex (two levels: males and females), age (three levels: 0-d-old, 1-d-old and 2-d-old) and photoperiod (two levels: scotophase and photophase) on the expression of CRY1 and CRY2 during the adult stage. For simplicity, only those significant effects from the above analyses are reported.
The data on the effects of copulation on the expression of CRY1 and CRY2 were analyzed by one-way ANOVA followed by Fisher's Least Significant Difference (LSD) test for multiple comparisons. All analyses were conducted using SPSS 16.0. The rejection level was set at α < 0.05. All values are reported as mean ± SE.
Results

Molecular Cloning and Phylogenetic Analysis of CRY1 and CRY2
Based on sequencing and analysis, the full-length cDNA of the putative CRY1 and CRY2 were cloned from S. litura. The CRY1 cDNA of S. litura (Sl-CRY1; GenBank accession: MH814726) contained an ORF of 1,647 nucleotides encoding a 548-amino acid protein, flanked by a 5′-UTR of 264bp and a 3′-UTR of 3208bp. The CRY2 cDNA of S. litura (Sl-CRY2; GenBank accession: MH814727) contained an ORF of 2,376 nucleotides encoding a 791-amino acid protein, flanked by a 521bp-long 5′-UTR and a 469bp-long 3′-UTR.
BLAST analysis showed that Sl-CRY1 has an obvious high identity to CRY1 sequences from other insects, such as S. exigua (ADY17887.1; 99% identity) and Agrotis segetum (AUG44605.1; 91% identity). Similarly, Sl-CRY2 showed significant homology with the CRY2 sequences identified from other insects, such as Helicoverpa armigera (ADN94465.2; 95% identity), Bombyx mori (NP_001182627.1; 81% identity) and Anopheles gambiae (ABB29887.1; 75% identity). Multiple alignments indicated that the N-terminus of CRYs showed high conservation, while the C-terminal showed lower conservation (Fig. 1) . The conserved regions of CRY1 and CRY2 contained a DNA photolyase domain and a flavin adenine dinucleotide (FAD) binding seven domain, which play important roles in the function of CRY proteins.
A phylogenetic tree based on the protein sequences of known CRYs was constructed by the Neighbor-Joining method with MEGA6.0 software (Fig. 2) . The phylogenetic analysis indicated that CRYs were grouped into two clusters (CRY1 and CRY2). Sl-CRY1 and CRY1s from other lepidopteran species were clustered together with 100% bootstrap support, while Sl-CRY2 was clustered together with CRY2s of other lepidopteran species with 100% bootstrap support, each forming a monophyletic clade.
CRY1 and CRY2 Expression in Relation to Development
Two-way ANOVA indicated a significant development × photoperiod interaction for the expression of Sl-CRY1 (F 2,66 = 3.57, P < 0.05) (Fig. 3a) . Post hoc simple main effect and LSD analyses indicated that the expression levels were significantly higher for adults compared with larvae and pupae both in scotophase and photophase (P < 0.05) and the expression levels were significantly different between scotophase and photophase during the adult stage (P < 0.05). Furthermore, statistical analysis using three-way ANOVA of data for adults indicated a significant sex × age × photoperiod interaction for the expression of Sl-CRY1 during the adult stage (F 2,24 = 458.44, P < 0.0001). Post hoc analyses indicated that the expression levels were significantly different between 1) scotophase and photophase in 0-and 1-d-old males and females, as well as in 2-d-old males (P < 0.05), 2) males and females of 0-and 1-d-old adults under either scotophase or photophase, and of 2-dold adults under scotophase (P < 0.05), and 3) different ages either in males or females under scotophase (P < 0.05). The expression levels of 1-d-old adults were significantly higher than 0-and 2-dold adults under photophase (P < 0.05).
Two-way ANOVA indicated a significant development main effect for the expression of Sl-CRY2 (F 2,66 = 6.69, P < 0.01) (Fig. 3b) . A post hoc LSD test indicated that the expression levels were significantly higher for adults than for larvae and pupae under scotophase (P < 0.05). Three-way ANOVA indicated a significant sex × age × photoperiod interaction for the expression of Sl-CRY2 during the adult stage (F 2,24 = 1379.08, P < 0.0001). Post hoc analyses indicated that the expression levels were significantly different between 1) scotophase and photophase in 0-and 2-d-old adult males or females, and in 1-d-old adult males (P < 0.05), 2) males and females of 0-and 2-d-old adults under either scotophase or photophase, and of 1-dold adults under photophase (P < 0.05), and 3) different ages for both adult males and females no matter if tested under scotophase or photophase (P < 0.05).
Effect of Copulation on the Expression of CRY1 and CRY2
One-way ANOVAs showed that copulation has significant effects on the expression of Sl-CRY1 and Sl-CRY2 in both sexes (F 3,8 = 10.66, P < 0.005 for female Sl-CRY1; F 3,8 = 274.60, P < 0.0001 for female Sl-CRY2; F 3,8 = 1927.17, P < 0.0001 for male Sl-CRY1; F 3,8 = 9510.21, P < 0.0001 for male Sl-CRY2) (Fig. 4) . Post-hoc LSD tests indicated that the expression levels of the two genes in copulated males and females, compared to virgin individuals of the same age, decreased significantly (P < 0.05) in most cases (except a slight but not significant decrease of CRY1 in copulated females during scotophase, P > 0.05) in the subsequent scotophase after copulation and then all increased significantly (P < 0.05) in the following photophase ( Fig. 4a-d) . Fig. 1 . Multiple sequence alignment of CRYs. S.L1 refers to Sl-CRY1; S.L2 refers to Sl-CRY2; A.S1 refers to A. segetum CRY1 (AUG44605.1); A.S2 refers to A. segetum CRY2 (AUG44606.1); A.G1 refers to A. gambiae CRY1 (ABB29886.1); A.G2 refers to A. gambiae CRY2 (ABB29887.1). Identical amino acids are highlighted in dark (100% identity), red (75% identity) and blue (50% identity). The green box indicates the DNA photolyase domain and the black box indicates the FAD-binding seven domain.
Discussion
There are more than a million species of insects recognized worldwide, and they are found in nearly everywhere on earth. Insects have adapted to a wide array of environments and show different daily rhythms at the biochemical, physiological and behavioral levels (Goto 2013) . Adapting to different environmental conditions may have also diversified the underlying clock machinery (Tomioka and Matsumoto 2015) .
Previous studies have shown that Drosophila possess only one CRY type (CRY1) (Emery et al. 1998) , whereas in some other insects, such as butterflies and moths, both types of CRY genes are present, i.e., CRY1 and CRY2 (Zhu et al. 2005 , Yan et al. 2013 ). In the present study, we cloned two potential CRY genes, Sl-CRY1 and Sl-CRY2, from the head of S. litura. Online BLAST indicated that the putative amino acid sequences of Sl-CRY1 has an obvious higher similarity (>78%) to orthologs from Lepidoptera, but has a relative lower identity (<60%) to those from other insect orders including Coleoptera and Diptera. Moreover, Sl-CRY2 also showed high identity (>72%) to orthologs from Diptera, Hymenoptera, and Lepidoptera. The homology is 42% between Sl-CRY1 and Sl-CRY2, as compared to 43% in H. armigera (Yan et al. 2013) .
Phylogenetic analysis showed that Sl-CRY1 and Sl-CRY2 were clustered together with CRY1 and CRY2 from other insects, respectively. The phylogenetic tree also indicated that S. litura had a shorter genetic distance to lepidopterans than insects from other orders, which was consistent with traditional taxonomy. Multiple alignments indicated that the N-terminus of CRYs showed high conservation, while the C-terminal showed lower conservation (Fig. 1) . CRYs contain a C-terminal domain and a photolyase homology domain. The photolyase homology domain contains a DNA photolyase domain and a FAD-binding seven domain (Todo1999, Cashmore 2003 , Merlin et al. 2006 , Ozturk 2017 . The photolyase homology domain function in light detection and phototransduction, while the C-terminal domain may function in the regulation of CRY stability, CRY-TIM interaction and circadian photosensitivity (Busza et al. 2004) . The structural conservation of the DNA photolyase domains and the FAD-binding seven domains in CRYs from different insect species suggests common mechanistic features of CRY, such as in photoreception (Merlin et al. 2006 , Yan et al. 2013 .
A few studies have tested the expression frame of CRYs in relation to the insect's developmental stage (Yan et al. 2013 , Xu et al. 2016 , Chang et al. 2017 . In H. armigera, the expression of CRY1 and CRY2 in the head is lower in adults than in larvae and pupae (Yan et al. 2013) . A possible explanation for this is that the larvae and pupae lack compound eyes, CRY1 can act as a photoreceptor for photic entrainment (Yan et al. 2013 ). In the present study, however, we found that although the expression of Sl-CRY1 and Sl-CRY2 in the head fluctuated among different developmental stages, both genes showed similar trends in expression where the levels were relatively low during the larval stage, increased during the pupal stage and peaked in the adult stage for both males and females. Similar results also have been found in the brown planthopper, Nilaparvata Fig. 2 . Phylogenetic analysis of CRYs. The phylogenetic tree was constructed using the Neighbor-Joining method based on amino acid sequences with 1,000 bootstrap replicates. The percentage bootstrap support was presented by the number above the branches. The scale bar indicates the amino acid substitution rate. The GenBank accession numbers for CRY1 sequences from 12 insect species are as follows: S. exigua (ADY17887.1), Mythimna separata (AFR54426.1), A. segetum (AUG44605.1), Antheraea pernyi (AAK11644.1), B. mori (NP_001182628.1), Amyelois transitella (XP_013199860.1), Chilo suppressalis (CDK02014.2), Papilio machaon (XP_014354985.1), Plutella xylostella (XP_011559253.1), A. gambiae (ABB29886.1), Bactrocera dorsalis (JAC52130.1), and Agrilus planipennis (XP_018322589.1). The GenBank accession numbers for CRY2 sequences from 9 insect species are as follows: H. armigera (ADN94465.2), M. separate (AFR54427.1), A. segetum (AUG44606.1), A. pernyi (ABO38435.1), B. mori (NP_001182627.1), P. machaon (XP_014360422.1), P. xuthus (XP_013166823.1), A. gambiae (ABB29887.1), and Bombus impatiens (NP_001267051.1). . 3 . The expression levels of Sl-CRY1 (a) and Sl-CRY2 (b) in the head of S. litura in relation to developmental stages. L1, L9 and L18 refer to 1-, 9-and 18-d-old larvae; P0, P6, and P11 refer to 0-, 6-and 11-d-old pupae; A0♀, A1♀ and A2♀ refer to 0-, 1-and 2-d-old adult virgin females; and A0♂, A1♂, and A2♂ refer to 0-, 1-, and 2-d-old adult virgin males. Calibrator: Sl-CRY1 of 2-dold virgin females in scotophase. lugens (Xu et al. 2016) , and the black cutworm, A. ipsilon (Chang et al. 2017) . It is interesting to note that N. lugens, A. ipsilon, and S. litura (Murata and Tojo 2004) all are long-distance migrants. The higher expression of CRYs in adults of these three insects may reflect that both CRY1 (Gegear et al. 2010 ) and CRY2 (Zhu et al. 2008) likely function as a sun compass and magnetic biocompass for successful navigation.
Fig
In H. armigera, S. littoralis, and A. ipsilon, expression levels of CRY1 reached a maximum during photophase and a minimum during scotophase (Merlin et al. 2007 , Yan et al. 2013 , Chang et al. 2017 . These results support that CRY1 transcription is induced by light, and CRY1 rhythmicity might reflect the ancestral photolyase activity or circadian photoreception of the proteins. For a photolyase, a higher DNA repair activity might be advantageous during the photoperiod, and the expression of certain photolyase genes could be induced by light. In Bactrocera cucurbitae, individuals from the S strain mate early during the day, whereas individuals from the L strain mate later in the day; the expression pattern of CRY1 in the heads of flies taken from the S strain (were higher in the photophase but lower in the scotophase) significantly differed from adults in the L strain (lower in the photophase but higher in the scotophase) (Fuchikawa et al. 2010) . These results suggest that CRY1 may have an important role in reproductive isolation (Fuchikawa et al. 2010) . In Sarcophaga crassipalpis, CRY1 mRNA oscillation in the heads was fairly constant when reared either under 12:12 (L:D) h and 15:9 (L:D) h at 25°C or under 12:12 (L:D) h at 20°C (Goto and Denlinger 2002) . These differences in the expression of CRY1 between different species imply CRY1 possesses multiple functions and its role may be species specific.
It has commonly been reported that the expression level of CRY2 is higher in the scotophase but lower in the photophase (Rubin et al. 2006 , Merlin et al. 2007 , Ikeno et al. 2008 , Gentile et al. 2009 , Yan et al. 2013 , Zhang et al. 2017 , which is consistent with oscillations of other clock genes, such as PER and VRI (So and Rosbash 1997 , Cyran et al. 2003 , Rubin et al. 2006 ). These results support that CRY2 is the main repressor of CLK-CYC mediating transcription (Zhang et al. 2017) .
It is clear that many behavioral rhythms of organisms are controlled by the circadian clock (Tomioka and Matsumoto 2015) . An interesting question is whether and how significant changes in physiology, metabolism, or behavior will react to or even disrupt the internal rhythms? In the present study, to seek some enlightenment on this question, we further tested whether copulation can exert any effects on the expression of CRY genes. Indeed, our results demonstrated that copulation significantly affected the expression rhythms of CRYs. And of more interest, copulation caused similar changes in the expression of Sl-CRY1 and Sl-CRY2 in both sexes, where the expression levels of both genes in copulated males and females decreased significantly in most cases (except for Sl-CRY1 in copulated females where it tended to decrease but not significantly) in the subsequent scotophase after copulation and then all increased significantly in the following photophase (Fig. 4) . In insects, copulation often leads to dramatic changes in the physiology and behavior of females and males (Gillott 2003 ). In addition, some studies found that copulation causes significant changes (up-or down-regulated) in expression of many genes, such as transcription factors, metabolic enzymes, immune response-related genes (such as attacin A, cecropin A1), egg maturation-related genes (such as yolk protein 1, yellow-g and chorion protein 15), and other genes related to nutritional allocation (such as fit, LSP 2), behavior (such as takeout) and aging (such as SMP 30) (Yanagihara et al. 2006 , Hoogerwerf et al. 2007 , Dalton et al. 2010 , Goto 2013 . However, it is still unclear why do these genes, including CRYs (as reported in this study), change after copulation and how are these changes linked to physiological and behavioral changes are still largely unclear. Considering the nature of the significant changes on reproductive behavior and physiology before and after copulation in S. litura (Li et al. 2012 (Li et al. , 2014a Yu et al. 2014; Lu et al. 2015 Lu et al. , 2017 , we propose that the changes in the expression of CRYs due to copulation likely has a reproductive function. In S. litura, reproductive behavior of virgin males and females, including female calling, male courtship and mating, occur mostly around midnight; females start to lay eggs in the subsequent night after copulation and egg laying can last to the late of the night; rematings in these females usually occur in the late time of the nights; on the other hand, males also adjusted their reproductive behavior accordingly (Li et al. 2012 (Li et al. , 2014a . In our previous study on S. litura females it was shown that copulation also changed the rhythms of sex pheromone biosynthesis and releasing (Lu et al. 2017) . Therefore, the changes in mRNA expression in CRYs induced by copulation are consistent with the changes in behavioral and physiological rhythms due to copulation, suggesting a link between the CRYs and reproduction. In insects, copulation may change the production and titer of neuropeptides and hormones, such as the steroid hormones and juvenile hormone (e.g., Cole et al. 2003 , Sugime et al. 2017 , Diesner et al. 2018 . Other studies have shown that some hormones can affect the expression of clock genes (Karman and Tischkau 2006, Nakamura et al. 2010 ). Therefore, it is possible that copulation could regulate the synthesis and releasing of hormones, with the changes in hormone titer affecting the expression of CRYs and other clock genes in some way, which will then affect the insect's behavioral and physiological rhythm. Further studies are needed to clarify the possible regulation pathway and mechanism between reproduction and molecular clockwork by considering not only CRYs but also other clock genes.
